This paper assessed climate change impact on future wind power potential across highlands and western lowlands of Burundi. Hourly observed and MERRA-2 data were considered for the historical period 1980-2016, and a Multi-model ensemble for future projections data of eight selected Regional Climate Models under RCP 4.5 and RCP 8.5 over the periods 2019-2040 and 2071-2100 was used. Variability and trend analysis were adopted using standardized index and Mann-Kendall's test, respectively while wind power density (WPD) in quartiles was adopted for changes distribution. As results, diurnal wind speeds (WS) were higher from 9:00 AM to 2:00 PM, while monthly wind speeds reached the maximum during summer time. An increasing trend in WPD was detected all over the studied area. Over the period 2019-2040, the lowest WPD change is projected at Northern Highlands (NHL) under RCP 4.5 with 28.04 W·m −2 while the highest WPD change of 47.35 W·m −2 is projected under RCP 8.5 at Southern Imbo plain (SIP). As for the period 2071-2100, the highest change is expected at SIP under RCP 8.5 with 152.39 W·m −2 while the minimum change of 83.96 W·m −2 is projected under RCP 4.5 at NHL. The findings showed that areas nearby the Lake Tanganyika are expected to have high positive WDP changes.
detected increase in projected wind speed over the period 2021-2050 at Bujumbura station. But, neither of the studies analyzed projected wind power potential over the highlands and western lowlands. Therefore, this paper aims to revisit projected wind speeds and analyze impacts of wind speeds changes on projected wind power potential by considering four sites from two contrasting regions; western lowlands and highlands of Burundi. It fills then the gap by investigating changes in projections over near future and far future (2071-2100) across highlands and western lowlands of Burundi where wind energy has not yet been extensively analyzed to date. Specifically, the study focuses on analyzing projected changes in wind speeds and evaluates their implication on projected wind power potential across Northern Highlands (NHL), Northern Imbo Plain (NIP), Southern Highlands (SHL) and Southern Imbo Plain (SIP). Figure 1 shows the study area location in Burundi, an East African country Figure 1 . Study area location. between longitudes 28.8˚E and 30.9˚E and latitudes 2.3˚S and 4.45˚S [16] .
Materials and Methods

Study Area
Bounded to the north by Rwanda, to the East and South by Tanzania and to the West by the Democratic Republic of the Congo (DRC), Burundi covers an area of 27,834 km 2 [17] . The study area elevation is between 1800 and 2650 m altitude in the highlands while lowlands are between 774 and 1100 m altitude. The annual rainfall in the high altitude regions is almost the double that of low altitudes. Average maximum annual temperatures range from 21.8˚C to 29.5˚C.
Burundi has average wind speeds varying between 4 m·s −1 and 6 m·s −1 [18] . The study regions are highlands and western lowlands of Burundi. For better analysis, the highlands were divided into Northern Highlands (NHL) and Southern Highlands (SHL) while the western lowlands were split into Northern Imbo Plain (NIP) and Southern Imbo Plain (SIP).
Data Used
Three sets of data are used in this study. The first set consists of observed data collected from the synoptic stations of Burundi belonging to the Geographical Institute of Burundi (IGEBU). In fact, nineteen meteorological stations have been considered over the historical period 1980-2016 and the concise information on their location are presented in Figure 1 . Wind speed observed data were collected at hourly scales. The selection of the time series data was based on the quality of the data collected from various stations. However, only the station of Bujumbura (Airport) was able to cover the considered period 1980-2016, a period which respects the normal of 30 years at least, recommended by World Meteorology Organization (WMO).
To complement observed values at hourly scales, the second set of data grouping MERRA-2 (Modern Era Reanalysis for Research and Applications Version 2) data available online at https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/ was used. This data set is very useful in view of the fact that weather stations are limited in number, unevenly distributed, have missing data problem and short period of observation [19] . Missing observed data have been filled using cross validation method following Ioannis [20] . Table 1 presents the statistical summary of the used data at annual scale.
The third set of used data groups wind speeds from eight Regional Climate Models. These data are available in the context of the COordinated Regional 
Methods
The historical climate evaluation was conducted over the period 1980-2016 at hourly scale, seasonal scale and interannual scale. The diurnal analysis of the wind speed and wind direction was done from 7:00 AM to 6:00 PM while the nocturnal analysis was performed from 7:00 PM to 6:00 AM. Furthermore, the spatial distribution of WS and WPD has been adopted using Inverse Distance Weighted (IDW) interpolation method [25] . 
Bias Correction Method and Change Signal Detection
In this study, Empirical Statistical Downscaling (ESD) and Quantile Delta Mapping (QDM) methods were used for bias correction of RCM data. ESD took wind speed data from 0.44˚ resolution (~50 km × 50 km) to local climate, while QDM method served to bias adjust and detect changes. This computation was respectively implemented using ESD [26] and MBC package [27] in R program [28] . QDM preserves model-projected change signal in quantiles, while at the same time correcting systematic biases in quantiles of a modeled series with respect to observed values [29] . The conservation of changes follows directly from the quantile perturbation [30] and quantile delta change [31] methods, both of which apply simulated changes in quantiles overtop observed historical series [29] .
Variability Analysis
The discrimination of years with high and low wind speeds was done using the standardized variable index (I) created by Mckee et al. [32] and which can be found in many articles [33] [34]:
where i φ , m φ and σ are respectively the value for the year i, the average and the standard deviation of the time series. Thus, in this paper, a year is considered normal if its index is included between −0.5 and +0.5. It is in high wind speeds if its index is greater than +0.5 and low wind speeds below −0.5. This interval remains criticized since it is relatively weak. But it clearly makes it possible to discriminate years with low wind speeds from years with high wind speeds. The standardized variable index also makes it possible to analyze the interannual variability of the key variable at considered spatial scales [15] .
Wind Power Density
The wind speed data have been used to estimate the wind power, as follows [35] :
Here WP is the power of the wind (in W), ρ is the air density (in kg•m −3 ), A is the swept area (in m 2 ) and φ is the wind speed (in m•s −1 ). Therefore, the wind power density WPD (in W•m −2 ) is given by the following equation:
Air Density
The air density ρ was computed as follows:
, RT P = ρ (4) where P is the atmospheric pressure (in mb), R is the universal gas constant American Journal of Climate Change ) and T is the air temperature (in K).
Turbulence Intensity
Wind turbulence is an important site characteristic, because high turbulence levels may decrease the power output and cause extreme loading on the wind turbine components. The turbulence intensity TI is defined as follows [36] :
where σ is the standard deviation and m φ is the average wind speed. In this paper, a TI value less than or equal to 0.10 is considered as indicating a low level of turbulence. TI value of 0.25 indicates moderate turbulence while a TI greater than 0.25 is considered as a high level of turbulence at the site. Figure 2 shows MERRA-2 performance to complement observed data and RCM performance to reproduce historical climate after bias correction. Indeed, the performance was measured with an objective method based on error function, which defines the goodness of fit, the Nash efficiency criterion, R 2 . Therefore, Figure 2 . MERRA-2 and bias corrected RCM performance. R 2 value of 0.95 was found between the ground data and MERRA-2 data used for each site. Furthermore, R 2 values of 0.95, 0.94, 0.92 and 0.95 were found at NHL, NIP, SHL and SIP, respectively between MERRA-2 and bias corrected RCM over the period 1980-2016. In the same way, Figure 6 shows the diurnal and nocturnal average wind speed and wind direction at SIP over the period 1980-2016. The diurnal wind rose point SE, SSE and S as wind directions with a frequency of 41%, 33% and 26%, respectively. In fact, the analysis shows that 39% of SE winds blow with Figure 9 presents the WS interannual variability at NHL, NIP, SHL and SIP over the period 1980-2016. The analysis of the standardized WS index reveals two main parts over the four sites including the period 1980-1996 in low wind speeds and the period 1997-2016 in high wind speeds. Indeed, Lawin et al. [15] attributed the cause of the difference between the two periods on environmental destruction. Furthermore, Havyarimana [42] showed negative impact of socio-political instability which started in Burundi in 1993 on the environment.
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His findings highlighted an increase in natural vegetation disturbance by anthropogenic activities over time. Over the period 1980-1996, a further analysis of Figure 9 revealed 9 years and 5 years of low WS at NHL and NIP, respectively, while 11 years of low WS were pointed out at SHL and SIP. The findings show that only NHL has 2 years of high WS over that period. Moreover, the period 1997-2016 presented 11 years, 8 years, 14 years and 9 years of high WS at NHL, NIP, SHL and SIP, respectively. Likewise, over the same period, NHL and NIP have 1 year of low WS, and SHL has 3 years, while SIP has no low WS over the period 1997-2016. Overall, the increase in years of high WS may have positive implication on wind power production, and hence reduce the electrical gap observed during the long dry season. Indeed, MK's test detected an upward trend in WS over the period 1980-2016 at NHL, NIP, SHL and SIP. In fact, at significance level equals to 0.05, the Kendall's tau of 0.31, 0.38, 0.36 and 0.49 with their respective p-values equal to 0.0098, 0.0016, 0.0033 and < 0.0001 were revealed at NHL, NIP, SHL and SIP, respectively. This increasing trend in wind speed is consistent with the findings in many studies from the East Africa [15] [43]. Figure 10 presents the monthly distribution of wind power density (WPD) over the reference period 1981-2010. The figure highlights areas in low and high WPD for the twelve months of the year. Therefore, from June to September, we have months in high WPD with values greater than 60 W·m −2 while from November to March, we have months in low WPD with values less than 25 W·m −2 .
Wind Power Density over the Baseline Period
The findings show that the months of April, May and October have WPD between 25 and 60 W·m −2 . Furthermore, within the four sites, SIP is revealed to have higher WPD than other sites over the entire baseline period with values greater than 120 W·m −2 during the summer time. Indeed, from the results, the four sites are only promising for installing wind turbine for small-scale power generation. Otherwise, large-scale wind power generation require that mean wind speeds exceed 7 m·s −1 to generate at least 200 W·m −2 [24] .
According to the ISTEEBU report [44] , Burundi hydroelectricity production is characterized by a lot of fluctuation due to its dependence on rainfall; which impels the importation of hydroelectricity and the usage of fossil fuel for electricity generation especially during the dry season. For example, in 2007, the report shows that 39% of electricity was imported from RUZIZI I and RUZIZI II of the Democratic Republic of the Congo. In 2013, Burundi started its three electricity generators using fossil fuel to generate 14% (23 MW) of national electricity production. The usage of the power generators reduced importation to 37%. However, the cost of 1 kWh for consumers was increased up to 47% compared to the cost of 2007. Therefore, wind power can contribute to reduce electricity importation and the usage of fossil fuel for electricity generation. Moreover, the demand of water for irrigation is seasonal and it is found that the highest wind power density coincides with the dry season which may favor wind powered water pumping applications.
Future Wind Power Potential
We recall that the future climate has been spatially and temporally analyzed using a multi-model ensemble of eight Regional Climate Models (CCCma, CNRM, ICHEC, IPSL, MIROC, MPI, NCC and NOAA) over the periods 2019-2040 and 2071-2100 according to the reference period 1981-2010. Specifically, a multi-model mean has been computed and adopted for each emission scenario (RCP 4.5 and RCP 8.5). American Journal of Climate Change Figure 11 and Figure 12 present the spatial projected monthly WS following RCP 4.5 and RCP 8.5, respectively over the period 2019-2040 according to the baseline period 1981-2010. The analysis of Figure 11 shows that from October to March, projected WS are between 3 and 5 m·s −1 all over the study area. Indeed, the months April-September are expected to experience WS above 5 m·s −1 .
Projected Wind Speed over the Period 2019-2040
The months June-August are forecasted to have the highest WS above 6.5 m·s −1 .
Among the four sites, SIP is expected to experience the highest WS. Furthermore, the south of NIP will experience higher WS than other parts of NIP.
Moreover, the southern parts of SHL are projected to be in higher WS than other parts of SHL. Likewise, the analysis of Figure 12 Figure 13 and Figure 14 Overall, comparing the projection over the period 2019-2040 with the projections over the period 2071-2100 according to the baseline period 1981-2010, the findings show that projected WS are higher over the far future than near future.
Projected Wind Speed over the Period 2071-2100
Indeed, higher projected wind speeds will obviously have positive impact on wind power production. Figure 16 and Figure 18 presents the spatial distribution of annual WPD changes over the pe- Moreover, the figure highlights that changes are projected to increase over the two time periods within each climate scenario. Furthermore, western areas nearby the Lake Tanganyika are expected to experience higher increase in WPD Figure 18 . Annual spatial distribution of projected changes in wind power density. American Journal of Climate Change than other areas. Indeed, the entire SIP, the south of NIP, the south and the south-west of SHL are projected to experience higher changes in wind power density than other parts of the study area.
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Surface Layer The axes of modern wind turbines are located at different heights in layer up to 165 m thick [35] . For most of them, the cut-in speed is 2.5 -5 m·s −1 , the rated speed is 10 -15 m·s −1 , the cut-out speed is within 24 -25 m·s −1 [36] . Indeed, all these values refer to wind speed at the height of axis of the wind turbine. Recall that in surface layer, the wind speed increases with increasing height above the ground [24] . Therefore, it is necessary to take into consideration that the wind speed at hub height has higher values. The findings from this study projecting increase in WS which implies increase in WPD are consistent with many studies from different regions of the globe as well as studies from East Africa [2] [45] [46] [47] [48] . Indeed, Lawin et al. [15] reported increasing trend in wind speed at Northern Imbo plain while Collins et al. [14] , predicted that Burundi would experience more extreme weather conditions in the future characterized by high winds; which is consistent with our findings. 
Conclusions
This study analyzed the impact of climate change on wind power potential over the periods 2019-2040 and 2071-2100 using two emission scenarios RCP 4.5 and W·m −2 , 116.9 W·m −2 , 104.51 W·m −2 and 152.39 W·m −2 , respectively. Both the scenarios agree on January and September as months expected to experience the lowest and the highest WPD change, respectively over the studied area. They also agreed on SIP as the site expected to experience the highest WPD. The findings highlighted that areas nearby the Lake Tanganyika are expected to experience higher increase in WPD than other areas.
